Carrier decay transients in 4H-SiC n-type and p-type epilayers have been characterized using a non-destructive, non-contact microwave photoconductivity technique. Decay transients show a two-stage exponential decay with first decay constants as high as 400 ns in 10 µm p-type epilayers. The second decay constant increases with temperature and is dominated by interface recombination.
Introduction
Silicon Carbide (SiC) has interesting electronic properties, namely high breakdown field strength, high thermal conductivity, low intrinsic carrier concentration, and high saturation velocity. Silicon carbide has an indirect band structure and can be formed in several polytypes, each with a different bandgap. 4H-SiC, with a bandgap of 3.26 eV and an critical field of 2.0 MV/cm, is available in high-quality wafers and is being investigated for use in high-voltage, high-frequency, and high-temperature devices.
Carrier lifetime is a critical parameter which affects the performance of bipolar devices and provides a measure of material and processing quality. Carrier recombination processes in SiC polytypes have been studied using photoluminescence decay [1, 2] , free-carrier absorption [3, 4, 5, 6] , and diode switching [7, 8] . Microwave photoconductivity decay [9] has been used to study 3C-SiC carrier recombination. This study examines the carrier recombination mechanisms in 4H-SiC using a non-destructive, non-contact, microwave photoconductive decay technique.
Experimental setup
The measurement apparatus consists of a Gunn diode oscillating at 35 GHz, a 3 dB hybrid coupler, a crystal detector, and a rectangular to ridge waveguide adapter configured as shown in Figure 1 . The microwave signal couples to the sample through an open-ended ridge waveguide. The microwave reflection provides a signal representing the conductivity of the semiconductor sample. The conductivity of the epilayer is modulated by a 266 nm pulsed laser beam from the fourth harmonic generation of a Nd:YAG laser having a nominal pulse width of 15 ns and decay time of 4 ns. The absorption depth of 266 nm radiation in 4H-SiC has been estimated to be less than 1 µm [10] . The attenuator/sliding-short leg of the bridge can be used to null the output of the detector, or the leg can be fully attenuated. When the bridge is fully attenuated, the decay time represents the actual decay of the microwave signal. However, when the bridge is nulled, the decay measured by the oscilloscope represents half the decay time of the microwave signal. The bridge null is typically used to prevent the power entering the detector from exceeding the square law regime of the detector. Measurements performed using both the nulled and attenuated bridge have been verified to be equivalent (by the factor of two) within the experimental error of the system. In this paper, the decay times and curve fits will display the actual decay times, corrected by the factor of two for the bridge null measurements.
Results/Discussion
Both p-type (Al-doped) and n-type (N-doped) 4H-SiC 10 micron thick commercial epilayers with specifications in Table 1 have been characterized.
Carrier decay transient measured in a n-type epilayer (N1) is shown in Figure 2 . This sample displays a two-level decay transient with a first and second decays of 65 and 30 ns, respectively. Such decays are typically observed in our SiC measurements as well as in other semiconductors [11] .
Carrier decay transients of sample P1 as a function of laser pulse energy are shown in Figure 3 . Decay transients display a single exponential decay at low pulse energies and a two-Name epilayer doping (cm stage decay with high pulse energies. The second decay of 80 ns is constant with injection level. The maximum decay constant measured on this sample is 400 ns at the highest pulse energy of 19 mJ per pulse. Within the first 25 ns of the transient with the 19 mJ pulse, an additional faster decay is noted that cannot be sufficiently resolved by our present system. Similar results were obtained with sample P2, but with decay times of 80 ns and 25 ns for the first and second decay constants at room temperature. The decay transients of this sample were measured as a function of temperature, keeping the laser pulse energy constant. Decay transients at several temperatures are displayed in Figure 4 with decay constants as a function of 1/T displayed in Figure 5 . The first decay constant was not extracted at low temperatures, because the temporal length of the decay was very short as seen in Figure 4 .
A very high interface recombination velocity will dominate the decay transient as indicated by the following:
where τ ef f is the effective lifetime, τ bulk is the bulk lifetime, S is the interface recombination velocity, and W is the layer thickness. The interface recombination velocity can be related to the interface potential of the high-low epi-to-substrate junction by [12] :
where σ is the capture cross-section, v th is the thermal velocity, N t is the trap density and V s is the interface potential. The interface potential is a function of temperature because in 4H-SiC, Al forms an acceptor level ≈ 0.2 eV above the valence band. The thermal velocity as a function of temperature is v th ∝ T , we conclude that
We iteratively solved for the hole concentrations in the epi and substrate layers as a function of temperature and determined the interface potential. The above temperature dependence of the interface recombination limited decay constant is shown as the solid line in Figure 5 . The interface-limited decay time increases with temperature due to increased acceptor ionization; the interface potential is thereby increased, reflecting more minority carriers away from the interface. This decay time variation is not compatible with a Shockley-Read-Hall theory, for if a single exponential is fit to the curve, a very low activation energy is required (≈ 65 meV), too small to be an effective recombination center energy level. The effective interface recombination velocity ranges from 5 × 10 
